liquid phase microextraction (USA-LPME) methods as one of the recent applications of US in analytical sonochemistry and demonstrates how this energy can enhance various steps of analyses. The advantages and disadvantages of US in sample preparation techniquels as well as the possibility of coupling US with other analytical techniques will be also discussed.
Type of ultrasounds and their comparison
Among the various types of laboratory instrumentation currently available for sonochemistry namely, whistle reactors, ultrasonic cleaning baths, probes and cup-horn devices, the ultrasonic bath and the probe system also called a "sonotrode" are the most commonly available to the chemist. Both of them are usually operated at a fixed frequency dependent on the particular type of transducer, which are usually 20 kHz for common probe systems and 40 kHz for baths [1, 2] . Cavitation efficiency in a probe is higher than an ultrasound bath because the probe system can introduce a much greater intensity to a specific zone. Also, the number of variables that must be taken into account with the ultrasonic bath is greater thanfor the probe and includes water volume inside the bath, sample position and the water bath temperature. Therefore, ultrasonication with a probe can be done in less time and it is not necessary to carefully control variables as with the ultrasonic bath. Therefore, the choice between baths and probes depends on the requirements of a particular analysis [2, 7] .
Physical principals of ultrasound
Ultrasound can transmit through any elastic media and cause an oscillation of particles. When particle oscillation takes place in a medium, a disturbance is caused. If the disturbance is periodically repeated, expansion and compression cycles travelling through a medium will occur [2] . Compression cycles push molecules together, whereas expansion cycles pull them apart. In a liquid, the expansion cycle produces negative pressure that pulls molecules away from one another [8] . If the US intensity is high enough, the expansion cycle can create bubbles or cavities in the liquid which varies depending on nature and purity of liquid [8] . Fig. 2A shows a state of the generation of bubbles when an ultrasound is emitted into water. Within several seconds, bubbles grow, get unstable mechanically when they reach a particular size and go into rapid contraction [9] . The process by which bubbles form, grow and undergo implosive collapse is known as "cavitation". The size of a bubble, depends remarkably on ultrasonic frequency and intensity, has a radius of usually several dozen µm when it contracts [2] . Different factors influence cavitation threshold including gas and particulate matter, external pressure, solvent viscosity, solvent surface tension, solvent vapor pressure, applied frequency, temperature, intensity, field type, attenuation and types of ultrasound cavitation [2, 5] .
If the compression process can be assumed to progress adiabatically, at the moment when a bubble becomes smallest, a high temperature and high pressure field are throught to be generated, about 5000 K and 2000 atm [10] , as shown in Fig. 2A . S. Seidi, Y. Yamini This field with a high temperature and a high pressure is called a hot spot [10] . The position several hundred nm away from the bubble has a normal conditions of temperature and pressure, and thus the space inside a bubble becomes a field repeating a high speed heating and a rapid cooling at a cycle of approximately 10 10 K s -1 . This is why cavitation is also known as "cold boiling" [10] .
When cavitation occurs in a liquid close to a solid surface, the dynamics of cavity collapse change dramatically (Fig. 2B) . In pure liquids, the cavity retains its spherical shape during collapse as its surroundings are uniform. Close to a solid boundary, however, cavity collapse is rather asymmetric and produces high-speed jets of liquid [2] . Liquid jets driving into the surface at speeds close to 400 km h -1 have been observed [2] . The impact of the jets on the solid surface is very strong. This can result in serious damage to impact zones and produce newly exposed, highly reactive surfaces. Distortions of bubble collapse depend on surfaces several times larger than the resonant size of the bubble [2] . Recently, Kim et al. used 
the acoustic and heat transfer modes in COMSOL Multiphysics
TM to predict the pressure and heat transfer profile in four different solvents [11] .
4.
Ultrasonic assistance is gradually becoming quite common place in analytical chemistry, which uses this energy for a variety of purposes but with very disparate frequency [12] . The different steps of the analytical process which can be expedited and/or improved by use of ultrasound energy, including those less known by analytical chemists, are revised in Fig. 3 .
A distinction is made between application of ultrasound before the analysis, during it (for sample preparation), and for assisting or as detection technique in this figure. This classification has been done according to recent publications, especially the reviews, about different aspects of US [1, 2, 5, 12] . Professor Luque de Castro and Dr. Priego Capote have assembled a vast amount of information in a book with the title of "Analytical Applications of Ultrasound" [2] . Also, professor CapeloMartinez has assembled another book with the title of "Ultrasound in Chemistry" [5] . These books provide a wealth of information for those interested in exploiting ultrasound to enhance different steps in an analysis and are recommended readings. This paper focuses on the ways analytical chemists can use ultrasound Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques energy properly for sample preparation in both micro and macro-scale.
Overview of analytical applications of US

US assisted sample preparation techniques
One of the most common applications of US is sample preparation which can be used in micro or macro-scale modes as well as different states of samples including solid, liquid and heterogeneous. The most application of US in sample preparation has been focused on macro-scale mode so far, but its application for sample preparation in micro-scale is progressing which will be discussed in detail in the following sections.
Solid samples
In the case of solid samples, ultrasound can be used for preparation of these samples in variety ways including digestion, leaching, slurry formation and physical removing (see Fig. 3 ) [2, 13] . Preparations of solid samples are almost unavoidable due to incompatibility of these samples with the most of analytical instruments. IUPAC defines digestion as "a chemical process for softening or solubilizing a material with heat, chemical reagents, and moisture". Sample matrix is decomposed and loses most of its initial structure. Thermal energy can be replaced by or supplemented with auxiliary energy, for example ultrasound, to accelerate sample digestion. In ultrasound assisted digestion (USAD), both the mechanical and chemical effects are simultaneous but their impact differs [2] .
Another way of converting the target analytes to a liquid phase is solid-liquid extraction [14, 15] , which is also known as leaching or lixiviation [2] . Leaching separates the soluble components from some material by percolation. However, leaching is not a specific step, but only more selective than digestion because it maintains most matrix interferences in the solid [2] .
Another choice for solid sample preparation is the use of slurries. Slurries are prepared by adding a liquid to a previously ground, sieved, and weighed solid sample; this ensures the stability of the slurry during the time required to withdraw a sample for transfer to the measuring instrument, whether by hand or automatically [2, 13] . Ultrasound assisted slurry formation is superior to digestion for preparation of solid samples. It circumvents problems associated with digestion of samples with Figure 3 . The different steps of the analytical process which can be expedited and/or improved by use of ultrasound energy.
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complex matrices, because of the hazardous conditions required [2] . It is also an alternative to leaching when efficiencies are not quantitative [13] .
Heterogeneous samples
The main purpose of US in handling heterogeneous media is for separating a solid from a liquid phase, dissolving it, or enhancing or accelerating the formation of a solid phase. The most applications of ultrasound are in gas-liquid heterogeneous systems include nebulization, degassing and defoaming [2, 13] .
Filtration is one of the usual ways to separate phases which is dramatically facilitated by US. Aggregation, which also known as agglomeration, is the formation of large particles from small ones which agglomerate rapidly and efficiently when subjected to ultrasound [2, 13] .
Sonocrystallization and sonoprecipitation are the applications of ultrasound in order to form solid phases [2] . Sonocrystallization is the currently accepted name for the use of power ultrasound to control and accelerate the course of a crystallization process [2, 13] . Like crystallization, US also successfully assists the formation of extremely finely divided and uniform particles, which can be termed sonoprecipitation [2, 13] . This effect, which has been exploited in analytical chemistry, can facilitate sample preparation in nephelometric and turbidimetric methods [2, 13] .
Liquid samples
Application of ultrasound in preparation of liquid samples can be divided in two general groups. The first group, is one in which ultrasound only accelerates physical operations. Although any chemical reaction may occur but if the outcome is unclear, it suggests the absence of chemical changes. This group includes liquid-liquid extraction (LLE), emulsification, homogenization and liposome formation [1, 2] . The second group contains those that are accomplished with chemical reactions. The latter group can be classified as derivatization, oxidation/reduction, hydrolysis, organic synthesis and reagent generation chemical reactions which ultrasound accelerates [1, 2] . In 2007, Castro and Capote have published two reviews [1, 13] , which in one of them, the influence of ultrasound on the development of chemical reactions has been described in detail [13] . Most of the chemical reactions exist in non-analytical areas whereas the first group has received more attention in analytical chemistry. Recently, Castro et al. have published a review about the role of ultrasound in analytical derivatization [16] . Both groups can be done in discrete (batch) or continuous ways which will be discussed for the first group in the following.
Emulsion is greatly promoted by US. This is the phenomenon occurring between two liquid immiscible phases by which one (dispersed) phase distributes in the other phase in the form of small droplets with diameters in general exceeding 0.1 μm [2, 13] . The effect of US is based on droplet disruption in sonicated liquid-liquid systems as a result of cavitation.
Liposomes are spherical vesicles formed by aggregation of amphiphilic phospholipids molecules in a bilayer structure [1, 2, 13] . Liposomes have aroused interest in a great variety of areas from biochemistry and molecular biology to cosmetics and food technology. Nguyen et al. showed that ultrasound plays a prominent role in the preparation of sensors [17] .
The present review focuses on the updated developments and applications of ultrasound in sample preparation for both macro and micro-scales. The micro-scale developments will be discussed separately in section 8. This section covers almost all the recent publications related to the procedure for different organic and inorganic compounds in different samples as well as different matrices including water, soil and food. The recent reports since 2008 are tabulated in Table 1  to Table 4 .
5.
This section intends to show analytical chemists different modes of ultrasound utilization for sample preparation that deals with a variety of samples including solid, liquid and heterogeneous samples. Extensive descriptions about these systems have been previously published by Luque de Castro and Priego Capote [1, 2, 12] .
A schematic presentation for different instrumental modes of various sample preparation techniques are revised in Fig. 4 .
As can be seen from this figure, the steps involved in sample preparation can be performed (a) in a discrete or batch manner or (b) in a continuous fashion. The most apparent differences between the two modes are as follows: In a discrete approach, the analytical system is confined in a vessel or container through the walls of which US energy is transmitted if an ultrasonic bath is used. The use of a US probe in this case can involve either to dip it into the vessel or into the transmitting liquid where the vessel is located. Recently, some efforts have been done for miniaturization of discrete USAE techniques. For example, a miniaturized extraction technique based on ultrasound radiation, named sonication assisted extraction in small columns (SAESC),
Different modes of ultrasound assisted sample preparation techniques
Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques was developed for the determination of pesticides in soil samples by . Also, Ozcan et al. developed a miniaturized USAE for determination of PAHs in soil samples [157] . In a continuous approach, the analytical system rarely comes into contact with the US source, which is accommodated in the transmitting liquid surrounding the dynamic system [2]. Whether or not the sample is placed in a fixed position in the dynamic system depends on its particular state [2] . Thus, if the sample is a solid, it is held in a chamber furnished with filters at its ends through which a leaching or digesting solution is circulated. Obviously, the chamber is the zone subjected to US. When the sample is a liquid, it can either be circulated through the dynamic system or stopped for a preset time so it can be subjected to ultrasonic radiation in order to facilitate a chemical reaction, a liquid-liquid extraction, emulsification, homogenization, crystallization, precipitation, etc. The design of the dynamic system depends on the particular process and the working conditions under which it is developed. The most applications of US are discrete in nature. This can be ascribed to the fact that few research groups have so far worked on continuous approaches despite such major advantages as automation and reduced chemical consumption. Fig. 5 shows a typical manifold used to implement the continuous ultrasound assisted digestion (USAD) [158] .
6.
One of the greatest advantages of continuous ultrasound assisted operations is their ease of on-line connection to other operations in order to facilitate automation of the overall analytical process. In this way, the solutions obtained after each step need not be handled by the operator or come in contact with the atmosphere, which can be of enormous interest for some analytical systems. Fig. 5 shows one of the devices for assisting dynamic systems by US.
A number of alternatives to classical leaching methods since US was first used as auxiliary energy to assist a leaching process have been in use. S. Seidi, Y. Yamini are discussed in many papers for extraction of different compounds from various matrices [159] [160] [161] [162] [163] [164] [165] . The three alternatives are classical Soxhlet leaching and two more recent techniques (namely, MAE and SFE), which are increasingly competing with ultrasound based methods in improved official methods of analysis. In fact, it is difficult to say exact superiority for USAL in comparison with other auxiliary techniques. However, the salient advantage of US is that it enables operation at ambient temperature; by contrast, the previous choices involve high temperatures. This results in improved safety as compared with conventional procedures of SFE and MAE digestion. Also, analyte losses by vaporization are generally eliminated, although losses can also be produced by alterations caused by the radicals generated by sonolysis of the liquid phase. Additional benefits include ease of use, availability of the experimental setup, no special vessels required, relatively low costs and suitability for in-field digestion [166] . With respect to Soxhlet leaching, USAL has the disadvantages like inability of solvent renewing during the discrete USAL process, so the leaching efficiency is dictated by the solid-liquid partitioning equilibrium [2] . The need for filtering and rinsing after leaching lengthens the duration of this step, increases solvent consumption and also the risk of losses and/or contamination of the leachate [2] . Also, ultrasound radiation produces free radicals in the solvent which can alter the chemical composition of analytes and, hence, the analytical results. In comparison with MAE, USAL is subject to some shortcomings such as the influence of particle size on the USAL efficiency and being less robust than MAE [2] .
Moreover, the general advantages mentioned for US-based technique, it surpasses SFE due to allowing leaching of a wide variety of compounds, whatever their polarity, so it can be used with any solvent. Also, supercritical fluid leaching uses almost exclusively CO 2 as leachant (with or without a co-leachant as a modifier), which restricts its scope to non-polar or low-polar analytes. On the other hand, USAL falls short of supercritical fluid leaching because, unlike the hazardous organic solvents used for sonication in some applications like dichloromethane and acetone, supercritical CO 2 is not environmentally hazardous, the precision of SFE methods is similar to or slightly better than that of their ultrasound assisted counterparts, especially when US baths are used and leachant removal after depressurization in supercritical CO 2 leaching allows the leached species to be dissolved in a fairly low volume of appropriate solvent [2] .
In the case of liquid samples, regarding many advantages due to application of US for extraction of different compounds from various matrices rather than conventional liquid-liquid extraction methods, reported evidences show that US does not always favor mass transfer between two immiscible phases [2] . Also, emulsification is another problem which exists in this system and, it should be avoided [2] .
Finally, careful selection of the type and characteristics of the US device will always be required as it can be the key to successful development of ultrasound assisted methods, particularly those involving organic reagents [7] .
Coupling of ultrasound with other analytical techniques
Coupling with microwave (MW)
MWs are oscillating electromagnetic energy with frequencies in the 100 MHz to 3 GHz range with the [170] . The PMAE method has been extensively used whereas FMAE has been less studied [171] [172] [173] . MAE as well as USAE is now recognized as efficient extraction technique in analytical chemistry because of dramatically cutting down working times, simplified manipulation and work-up, increasing yields and often higher purity of final product [168] . The combination of these two types of irradiation and their application to physical processes like digestion, dissolution and extraction appears interesting. Simultaneous ultrasonic/microwave assisted extraction (UMAE), an extraction technique utilizing microwave dielectric heating and sonochemistry, could drastically improve the speed and efficiency of extraction. Various In a first step, 0.5 mL 0f 0.4 M KOH-MeOH, then 0.5 mL n-hexane was twice added twice. In the second step, 0.5 mL 1M H 2 SO 4 -MeOH, then 1 mL of n-hexane was added twice. Chemat et al. [167] put forward a mechanism to account for the effects of US and MW on digestion. The mechanism assumes particle fragmentation and molecule excitation induced by the high energy level of bubble cavitation under US, and, also, microwave polarization to induce dielectric volumetric heating and selective heating of solid particles. A comparison between cavitation phenomena (US) and dielectric heating (MW) is illustrated in Fig. 6B .
Up to now, a few studies have combined these two techniques as an extraction tool [167, [174] [175] [176] [177] [178] [179] . Chemat et al. used UMAE for comparative study of digestion of edible oils for copper analysis and food products (powdered milk, rice, corn, flour, beef, corned beef and chick pea); for total Kjeldahl nitrogen analysis [167] . The digestion time, 10 min, was obtained which is much shorter than in the classical Kjeldahl, 180 min, and microwave digestion, 30 min, respectively. The device was also used to digest edible oils for the determination of metals, which took 30 min as compared to 40 and 60 min, with the classical and the microwave methods, respectively.
Lianfu et al. optimized and compared UMAE and USAE for extraction of lycopene from tomato paste [174] . A central composite design (CCD) was employed for optimization of process. The results showed that the optimal conditions for UMAE were 98W microwave power together with 40 KHz ultrasonic processing, the ratio of solvents to tomato paste 10.6:1 (v/w) and the extracting time 367 s; as for USAE, the extracting temperature was 86.4 o C, the ratio of the solvents to tomato paste 8.0:1 (v/w) and the extracting time 29.1 min, while the percentage of lycopene yield was 97.4% and 89.4% for UMAE and USAE, respectively. These results implied that UMAE was far more efficient extracting method than USAE. 
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Cravotto et al. evaluated ultrasound extraction of soybean-germ oil using several types of US apparatuses (cup horn, immersion horn, cavitating tube) working at different frequencies (19, 25, 40 and 300 kHz) [168] . In a newly developed apparatus, simultaneous US/MW irradiation was achieved by inserting a PEEK ® horn in a multimode oven. Optimum extraction times were determined and yields were compared with those obtained by MAE (open-and closed-vessel) and conventional methods. The best oil yield was obtained with the cavitating tube (19 kHz, 80 W) and double sonication employing an additional immersion horn (25 kHz). Compared with conventional methods, much higher yields were also achieved with closed-vessel MW irradiation at 120˚C and simultaneous US/MW irradiation. Results were even more striking in the case of seaweed extraction, as the cell wall of the microalga is very tough. Extraction times were reduced up to 10-fold and yields increased by 50-500% in comparison with conventional methods. GC analyses showed only slight or negligible differences in methyl ester profiles of oils extracted using high-intensity US or Soxhlet. The obtained results indicate that US and MW, either alone or combined, can greatly improve the extraction of bioactive substances, achieving higher efficiency and shorter reaction times at low or moderate costs, with minimal added toxicity.
Canals et al. used UMAE to determine total Kjeldahl nitrogen [177] . The obtained results were compared with the obtained results of Hach method (a modification of the classical Kjeldahl) and an USAE method. Five pure amino acids and two certified reference materials (peach leaves and soil) were analyzed to assess the accuracy of UMAE method that was successfully applied to five real samples. Mean nitrogen recoveries for five pure amino acids were obtained in the range of 66-87%, 92-95% and 93-100% for Hach, USAE and UMAE methods, respectively. The significant reduction in digestion time (being 30 min, 25 min and 7 min for classical Kjeldahl, USAE and UMAE methods, respectively) and consumption of reagents show that UMAE is a powerful and promising tool for low-pressure digestion of solid and liquid samples.
Tang et al. used UMAE in order to maximize the yield and purity of polysaccharides from Inonotus obliquus [178] . Response surface methodology (RSM) was employed to optimize the UMAE conditions. Under the optimal conditions, the yield and purity of polysaccharides were 3.25% and 73.16%, respectively, which are above that of traditional hot water extraction and close to the predicted value (3.07% and 72.54%, respectively). These results confirmed that UMAE of polysaccharides had great potential and efficiency compared with traditional hot water extraction.
You et al. developed UMAE for simultaneous extraction of five organophosphate (OP) and eight pyrethroid insecticides from sediment [175] . Extracts were cleaned using solid phase extraction and analyzed by GC-MS. The newly developed UAME method was validated by comparing it to Soxhlet and sonication extraction methods. Better recoveries were achieved for most OPs by the novel UAME method, whereas there was no significant difference in recoveries for most of the pyrethroids.
Lu et al. studied ionic liquid-based UMAE (IL-UMAE) of five anthraquinones (physcion, chrysophanol, emodin, rhein, and aloe-emodin) from rhubarb [179] . Several parameters of UMAE were optimized, and the results were compared with of the heat-reflux extraction (HRE), USAE, and MAE. Compared with the conventional HRE, MAE and USAE techniques, the proposed approach exhibited higher efficiency (18.90-24.40% enhanced) and shorter extraction time (from 6 h to 2 min). This study suggests that IL-UMAE was an efficient, rapid, simple and green preparation technique.
Recently, Chai et al. have reported a UMAE coupled with HPLC-DAD/UV-TOF/MS system for evaluation of 7 marker compounds and 13 unknown chromatographic peaks from Fructus Corni, a commonly used traditional Chinese medicine [176] . The obtained recoveries were in the range of 97.3-102.7% for seven marker components. In summary, the developed method is generally applicable and easily expandable to include more quality evaluation of complex herbal matrices.
There are some reports about combination of US and MW but they are different from the studies mentioned above [180, 181] . In these reports, sample exposure to both US and MW irradiation is done separately. It means that first, the sample is sonicated and then introduced to MW, and therefore, it is not exposed to US and MW irradiation at the same time (Fig. 6C). 
Ultrasound assisted supercritical fluid extraction (USASFE)
Today, CO 2 based SFE has become a promising technique used in many areas. Some of the motivations for its employment are that the solvent is non-toxic, recyclable, cheap, relatively inert, non-flammable, and the process improves product quality and product recovery [182] . SFE has some drawbacks which caused new researches to overcome them. In recent years, particular attention have been paid to the combination of ultrasound and SFE. Ultrasound can be used as offline or on-line in combination with SFE [183] [184] [185] [186] [187] [188] . In online coupling of US and SFE, the use of high-intensity ultrasound represents an efficient manner of producing small scale agitation, enhancing mass transfer in Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques supercritical fluids extraction processes. This is due to the effects produced by compressions and decompressions, as well as by radiation pressure, streaming, etc [183] . In addition, this is probably the unique practical way to produce agitation in SFE because the use of mechanical stirrers is not possible. Riera et al. developed a supercritical CO 2 extraction of oil from particulate almonds using US power [183] . An overall scheme of a pilot plant is shown in Fig. 7A . Fig. 7B shows the installation of a piezoelectric sandwich transducer inside the extractor [183] . To examine the effect of the acoustic waves, all experiments were performed with and without ultrasound. The results showed that the kinetics and the extraction yield of the oil were enhanced by rate of 30% and 20% respectively when a power of about 50 W was applied to the transducer (Fig. 7C) . As can be seen, the initial part of the efficiency curve was identical with and without US application; this suggests that this stage is mainly controlled by the solubility of the solute in the leachant, while it seems clear that the following stage is mainly determined by mass transfer mechanisms where US plays a key role. The average time of each extraction process was about 8 h and 30 min. In addition, the transducer was also used as a sensitive probe capable of detecting the phase behavior of supercritical fluids when it was driven at low power. In the other work, a new configuration device has been designed, implemented, tested and successfully validated for supercritical fluid extraction of oil from different vegetable substrates by the same authors [184] . In the extraction procedure, ultrasonic energy represents an efficient way of producing deep agitation enhancing mass transfer processes because of some mechanisms (radiation pressure, streaming, agitation, high amplitude vibrations, etc.). Previous work to this research pointed out the feasibility of integrating an ultrasonic field inside a supercritical extractor without losing a significant volume fraction. This pioneer method enabled to accelerate mass transfer and then, improving supercritical extraction times.
Luo et al. studied USAE of ginsenosides from ginseng in supercritical CO 2 reverse microemulsions formed by bis(2-ethylhexyl) sodium sulfosuccinate (AOT) [185] . It was found that ultrasound significantly enhanced supercritical CO 2 reverse microemulsion extraction. 
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Gao et al. studied extraction of lutein esters from marigold using supercritical CO 2 extraction enhanced by ultrasound [189] . The mass transfer coefficient in the solid phase increased from 3.1×10 -9 to 4.3×10 -9 m s -1 due to presence of ultrasound. The results showed that the yield of lutein esters extraction increased significantly in the presence of ultrasound.
Kentish et al. examined the concurrent use of ultrasound power during the extraction of pungent compounds from a typical herb (ginger) using supercritical CO 2 [186] . The yield of pungent compounds from ginger is significantly increased in the presence of ultrasound up to 30%. The higher extraction rate can attributed to disruption of the cell structures and an increase in the accessibility of the solvent to the internal particle structure which enhances the intra-particle diffusivity. They analysed the ginger particles by field emission scanning electron microscopy (FESEM), and the obtained results showed that ultrasonic vibration indeed disturbed the cell walls and thereby facilitated removal of the cell contents.
Liang et al. studied USASFE of oil and coixenolide from adlay seed [187] . The results showed that supercritical fluid extraction with the assistance of US could reduce the operating conditions used in the process. Compared with SFE, USASFE could give a 14% increase in the yield for extracting oil and coixenolide from adlay seed with less severe operating conditions.
As mentioned before, ultrasound can be used in off-line combination with SFE. SFE often works more efficiently with matrices that were put to some pretreatment. Sonication is a simple and efficient way which can enhance the recovery. The trick is simple: SFE can be driven either by solubility or by the mass transfer. In real samples, all available analytes are extracted quite quickly, but some analytes that are strongly bound to the matrix or hidden deep in matrix particles are limited by the mass transfer process. During the sonication pretreatment, certain parts of matrix are damaged, and the SFE mass transfer takes place much more easily. Klejdus et al. used off-line combination of ultrasound as a pretreatment step with SFE for the extraction and determination of isoflavones in sea and fresh water algae and cyanobacteria [188] .
Ultrasound assisted pressurized liquid extraction (USAPLE)
PLE is an extraction methodology which uses conventional solvents at elevated temperatures (100-180 o C) and pressures (1500-2000 psi) to enhance the extraction of target analytes from their matrices. The combination of elevated pressures and temperatures affects the solvent, the sample and their interactions. For example, high pressure allows the solvent to penetrate deeper into the sample matrix, and at higher temperatures, analyte solubility increases, solvent viscosity and surface tension are reduced and the mass transfer is faster [5] . PLE has been applied to the extraction of organic compounds from different samples [5] . Solid samples were weighed and loaded into an extraction cell located inside the oven extractor. The oven was coupled to a heating device fitted on the upper part of the chamber and electronically controlled through a thermocouple. Extraction solvent was pumped through the system (dynamic extraction) to extract the analytes from the samples at a given flow rate and time (Fig. 8A) .
In 2008, Richter et al. have reported a continuous PLE method assisted by ultrasound energy for the extraction of polychlorinated biphenyls from biosolids [190] . The PLE method was assisted by ultrasound showing a significant effect on the recoveries. The same procedure and manifold as implemented for PLE was used in this case, except for the oven, which was substituted with an ultrasonic bath at a temperature of 50ºC. US applied for 0-30 min at 35 kHz.
On the other hand, comparative studies were made in the same sample with the conventional Soxhlet extraction technique. In this case, the recovery obtained was 87.9%, showing that the ultrasound energy incorporated into the system USAPLE promotes efficient PCB desorption from the active sorption sites of the matrix.
Ultrasound assisted Soxhlet extraction (USASE)
Soxhlet leaching has been the most widely used technique over the years for isolating a variety of analytes from all types of samples. The most serious shortcomings of Soxhlet leaching are the long time involved, the large volumes of organic solvents released into the atmosphere; the Soxhlet procedure is far from clean and the process cannot be automated [191] . A variety of devices intended to circumvent these shortcomings while retaining the favorable characteristics of Soxhlet extraction have been developed, most of which use microwaves as auxiliary energy to accelerate leaching [192] . Luque-García et al. designed and constructed an USASE [193] . The device is based on the same principles as a conventional Soxhlet extractor but modified in order to allow location of the Soxhlet chamber in a thermostat bath through which ultrasounds are applied by means of an ultrasonic probe. The device used for the USASE (Fig. 8B) consisted of a thermostat waterbath modified by making an orifice at the bottom in order Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques to enable connection of a conventional 50 mL Soxhlet chamber with a 100 mL distillation flask through a Teflon connector. An electrical isomantle with a rheostat was used to heat the distillation flask. A sonifier (20 kHz, 100 W) equipped with a cylindrical titanium alloy probe (2.54 cm diameter) was immersed in the thermostated water-bath and used to accelerate the extraction process. A rotary-evaporator was used to release the solvent after each conventional Soxhlet extraction. An electrically heated oven, an analytical balance and a desiccator were used to determine the sample moisture as well as for the gravimetric determination of the extracts.
The new device has been tested for the extraction of the total fat content from different oleaginous seeds such as sunflower, rape and soybean seeds followed by GC-FID. A quantitative comparison of the lipid extract obtained by both the official and the proposed method has been carried out. Efficiencies similar or even better than those provided by both conventional Soxhlet extraction and the official method have been achieved saving both time and sample manipulation. The composition of the fat extracts did not change after application of ultrasound, and the precision of the proposed approach was similar to that obtained by the reference method. Thus, it can be concluded that the present approach constitutes a valuable alternative for the extraction of easily compactable matrices such as seed samples.
7.5.
Recently, Monteiro et al. simplified the total Kjeldahl nitrogen (TKN) using a manifold connected to a purge and trap system immersed into an ultrasonic (US) bath for simultaneous ammonia (NH 3 ) extraction [194] . A schematic of USAPT system is shown in Fig. 8C . A set consists of a reaction tube (RT), a NH 3 collection tube (CT), a u-tube and a manifold with 10 tips to connect to 10 sets and one more tip to connect to the vacuum pump.
The proposed method is faster, simpler and more sensitive than the classical Kjeldahl steam distillation method. The time for NH 3 extraction by the USAPT system (20 min) was half of that by the Kjeldahl steam distillation (40 min) for digested samples in this work. The detection limit was 9 µg g -1 N, while for the Kjeldahl classical/indophenol method was 58 µg g -1 N. Precision was always better than 13%. In the proposed method, carcinogenic reagents are not used, contrary to the indophenol method. Furthermore, the proposed method can be adapted for fixed NH 4 + determination.
8.
In the past two decades, a large number of modern sample preparation techniques including solvent free extraction techniques or extraction techniques with a very high sample to solvent ratio which leads to a high preconcentration factor of analytes have been introduced [195] . The application of ultrasound to the miniaturized sample preparation techniques has increased in the last years. This technique has been used in the development of methods for the analysis of numerous contaminants including organic and inorganic compounds. These techniques are reviewed briefly below, focusing on their major advances which resulted from US coupling. US can be coupled with microextraction techniques by different modes. In simultaneous mode (SM), both ultrasound irradiation and microextraction take place in one-step. Other terminologies commonly encountered are those which ultrasound irradiation take place before (BM) or after (AM) microextraction.
Coupling of BM mode with different microextraction techniques
BM is especially suitable for solid samples including soil, sediment, plant, food etc. In this case; first, target analytes are extracted using ultrasound assisted liquid-solid extraction, therefore, a microextraction technique is used for producing more clean-up and high preconcentration factors. However, BM can be used for other purposes such as derivatization reactions (see Fig. 3 ) in order to sample pretreatment before microextraction. For example, Andruch et al. used US for conversion of boron to tetrafluoroborate before dispersive liquid-liquid microextraction (DLLME) [196] .
Coupling of BM mode with DLLME
Bendicho et al. have used successfully combined USAE and ion pair-based DLLME for gold determination [197] . The expeditiousness of USAE for fast solid-liquid extraction (or USAL) along with the efficient liquidliquid microextraction provided by DLLME allows improved sample preparation for determination of gold at ultratrace levels. This methodology could be easily adapted for the determination of other elements present at ultratrace levels in solid samples using suitable liquid-phase microextraction approaches after USAE. Also, USAE-DLLME has been reported for extraction of some organophosphorus pesticides residues in tomato [198] and polybrominated diphenyl ethers in sediment samples [199] .
Ultrasound assisted purge and trap system (USAPT)
Ultrasound assisted microextraction methods
S. Seidi, Y. Yamini
Coupling of BM mode with stir bar sorptive extraction (SBSE)
Llorca-Pórcel et al. developed a novel method based on ultrasonic solvent extraction and SBSE followed by thermal desorption gas chromatography (TD-GC-MS) for the analysis of phenolic pollutants in soil samples [200] . By comparison with classic Soxhlet extraction, the main advantage of this method is substantial solvent reduction (only 15 mL methanol instead of 100-200 mL of toxic solvents, generally hexane or dichloromethane). In addition, the method is very simple to perform and requires much less sample handling than the classic Soxhlet extraction method. Also, Kende et al. studied determination of some pesticides in fruits and vegetables using SBSE after extraction of analytes by ultrasound [201] .
8.1.3.
Milani Hoseini et al. reported a new method based on combining ultrasonic assisted miniaturized matrix solidphase dispersion and HLLME for the determination of some organochlorinated pesticides in fish followed by GC-ECD [202] . Yamini et al. investigated EME for determination of thebaine in poppy capsules after ultrasound extraction [203] . Coupling of ultrasound as a pretreatment step with EME produced an efficient extraction and high degree of clean up.
Coupling of BM mode with cloud point extraction (CPE)
González et al. used cloud-point methodology to develop a new procedure for preconcentration of polycyclic aromatic hydrocarbons (PAHs) previously extracted from marine sediment with a micellar polyoxyethylene-10-lauryl ether medium by microwave-or USAE [204] . The efficiencies of extraction of both processes were similar, but the precision was considerably higher when the extraction was performed in the presence of US.
Coupling of SM mode with different microextraction techniques
Most of the microextraction techniques fall within the SM category.
8.2.1.
The first application of ultrasonic radiation in LLE methods (USALLE) has been reported by Luque de Castro et al. [1, 2] . After that, Regueiro et al. applied a miniaturized
Coupling of BM mode with homogeneous liquid-liquid microextraction (HLLME) and electromembrane extraction (EME) Figure 8 . Scheme of (A) an accelerated solvent extraction system, (B) an ultrasound assisted Soxhlet leacher and (C) an ultrasound assisted purge and trap system (reproduced with permission of Elsevier [193, 194] ).
Coupling of SM mode with DLLME, ultrasound assisted emulsification microextraction (USAEME) and solidified floating organic drop (SFO)
Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques approach to USALLE by using a micro volume of organic phase to provide the advantages of both DLLME and USALLE [205] . They successfully applied ultrasound assisted emulsification microextraction (USAEME) to determine some emergent contaminants and pesticides in environmental waters. In this technique, micro volumes of the organic solvents were withdrawn into a microsyringe and injected slowly into the sample solution tube at the presence of ultrasound radiation. By this strategy, disperser solvent, which is used in DLLME for dispersion of extraction solvent, is removed. Consumption of disperser solvent in DLLME leads to decreasing of partition coefficients of analytes into the extracting solvent. Ultrasound irradiation has been also applied in DLLME technique. It causes to formation of more tiny droplets and increasing of mass transfer rate and extraction efficiency. More recently, Yamini et al. have summarized the updated developments and applications of DLLME [206] . This review covers almost all the publications related to the procedure from the beginning and also some limitations and an outlook on further developments. Both low and high density organic solvents are useable for USA-DLLME and USAEME methods. However, low density organic solvents have more variety than higher density organic solvents, and also, are more compatible with analytical instruments. Collection of organic solvents on the top of sample solution was the main problem in usage of these solvents. Recently, some efforts have been done for overcoming to this problem. Solidified floating organic drop (SFO) is a microextraction technique in which a small volume of an organic solvent with melting point near room temperature (in the range of 10-30ºC) is floated on the surface of aqueous solution. The aqueous phase is stirred for a prescribed period of time, and then, the sample is transferred into an ice bath. When the organic solvent is solidified, it is transferred into a small conical vial, and the melted organic solvent is used for analyte determination [207] . Recently, this technique in combination with USAEME or DLLME (solely or assisted by US) has found noticeable popularity due to creating the possibility of low density organic solvents in these techniques. To the best of our knowledge, no reports exist for direct application of ultrasound in SFO, and it has been used more as a coupling technique with ultrasound assisted dispersive or emulsification techniques. But ultrasound can investigated directly (SM mode) in this technique for mass transfer during extraction instead of common magnetic stirring or used for back extraction SFO techniques (AM mode). Recently, Wang et al. used ultrasound for back extraction of Se(IV) from organic phase to aqueous phase in determination of hydride generation atomic fluorescence spectrometry (HG-AFS) [208] . It is based on solidified floating drops of 1-undecanol that are capable of extracting the target analyte after chelation with a water soluble ligand with subsequent ultrasound assisted back-extraction (UABE) into a aqueous solution.
However, the numbers of organic solvent with melting point near room temperature are narrow. Other ways have been proposed using a broad range of low density organic solvents in both USAEME and DLLME techniques.
Yamini et al. [209] proposed USAEME method based on applying low density organic solvents. Homedesigned centrifuge glass vials containing an aqueous sample were immersed into an ultrasonic water bath. Micro volumes of the organic solvents were withdrawn into a microsyringe and injected slowly into the sample through the capillary tube at the top of the centrifuge vial. The conic top of the centrifuge vial attached to a capillary tube makes it suitable for easy collection of micro volumes of the floated organic solvents on the surface of the aqueous sample (Fig. 9A) . Also, Jen et al. developed an in syringe-USAEME technique based on low density organic solvents for determination of organophosphorous pesticides in water samples followed by GC-ECD [210].
Chen et al. compared sonication and vigorous stirring as dispersion-assistance [211] . By stirring the solution vigorously for 5 min, the obtained relative responses of PAHs were found to be lower than following sonication. Sonication stirring produced smaller droplets of organic solvent in the aqueous bulk than vigorous stirring, as shown in Fig. 9B . During ultrasonic irradiation, implosion bubbles were generated due to the cavitation phenomenon, which produces intensive shock waves in the surrounding liquid and high-velocity liquid jets. Such microjets can cause droplet disruption in the vicinity of collapsing bubbles and thus, improve dispersion by generating a smaller droplet size of the dispersed phase right after disruption [1, 2] . This leads to a rapid increase in the extraction efficiency of the USA-DLLME in a short period of time.
Also, a comparison between efficiency of ultrasound and shaking assisted DLLME was done for the determination of trace organoarsenic compounds in edible oil by Lee et al. [212] . The results show that extraction efficiency of analytes with ultrasound-assist is higher than with shake-assist (Fig. 9C) . The clear difference between cloudy solutions is completely justifiable in investigations of Chen et al. [211] .
Lavilla et al. investigated the presence of triclosan in cosmetics and wastewater samples using a simultaneous derivatization and IL based-USAEME S. Seidi, Y. Yamini technique followed by cuvetteless UV-Vis microspectrophotometry [213] . They compared no shaking (only centrifugation), magnetic shaking, bath sonication and cup-horn sonication in order to demonstrate the suitability of ultrasound energy in an IL based-USAEME procedure for achieving complete emulsification. The results showed that longer times are needed when magnetic or bath-sonication is used. When a 6 min time was fixed as shaking time for all systems, the sonoreactor achieved higher absorbances. Due to the viscosity of ILs, the cavitation threshold increases as a result of higher attractive forces between molecules [214] and therefore, longer sonication times or higher amplitudes can be needed to achieve complete emulsification. The effect of the sonication time was examined in the range of 3-15 min. Maximum absorbance was reached within 7 min for both cosmetic and wastewater samples. Sonication amplitude was also studied between 20 and 100%. An increase in the analytical signal was observed for amplitude up to 80%, while higher amplitudes gave rise to a decrease in the signal.
USA-DLLME and USAEME provide many merits such as excellent enrichment factors, simplicity, stability, easy to operate, short extraction time, low cost and low consumption of organic solvents. As can be seen from the literature, uses of these techniques have found noticeable importance among analytical scientists.
Coupling of SM mode with headspace liquidphase microextraction technique
Xu et al. have developed a new sample pretreatment technique, ultrasound assisted headspace liquid-phase microextraction (UAHS-LPME) [215] . In this technique, the volatile analytes were headspace extracted into a small drop of solvent, which suspended on the bottom of a cone-shaped PCR tube instead of the needle tip of a microsyringe. More solvent could be suspended in the PCR tube than microsyringe due to the larger interfacial tension, thus the analysis sensitivity was significantly improved with the increase of the extractant volume. The method has been used to determine chlorophenols [215] , phenols [216] in water samples and hexanal and heptanal in human blood [217] . Good recoveries were obtained and compared with traditional methods; the extraction efficiency is about ten times higher. It is a promising alternative for analyzing volatile or semivolatile pollutants in environmental samples due to its simplicity, rapidity and stability. A schematic diagram of the apparatus is showed in Fig. 9D . Zhang et al. have introduced a novel method using simultaneous ultrasonic nebulization extraction and headspace single drop microextraction (UNE-HS-SDME) followed by gas chromatography-mass spectrometry for analysis of essential oil in Cuminum cyminum L. [218] . Compared with hydrodistillation (HD), UNE-HS-SDME provides the advantages of a small amount of sample, time-saving, simplicity, cheapness and low toxicity. In addition, UNE-HS-SDME provided higher enrichment efficiency and sensitivity compared with stirring extraction (SE)-HS-SDME, USAE and UNE. The results indicated that the UNE-HS-SDME is a simple and highly efficient extraction and enrichment technique. A schematic diagram of the system is shown in Fig. 9E .
Hashemi et al. successfully used headspace-solvent microextraction (HS-SME) with sample ultrasound irradiation for the study of the influence of nitrogen fertilization and plant density on the essential oil yield and composition of cumin (Cuminum cyminum L.) seeds [219].
Coupling of SM mode with hollow fiber based liquid phase microextraction (HF-LPME)
Among the emerging techniques, LPME techniques which are based on porous membranes, like hollow fibers (HF-LPME), are one of the most promising developments for preconcentration, separation and clean-up purposes. Nevertheless the potential capabilities of HF-LPME, the needed extraction time in this technique is usually high and common extraction times of 30-50 min have been reported [220, 221] . Recently, Shrivas et al. have evaluated a simple, rapid and sensitive ultrasound assisted hollow fibre liquidphase microextraction (USA-HF-LPME) method [222] . They have used this technique for extraction of nicotine in one-drop of nightshades vegetables and commercial food products [222] and selenium in vegetable and fruit samples [223] . The optimum extraction time in these samples were obtained 10 and 15 min, respectively. The ultrasound irradiation of donor phase accelerates the kinetics of extraction by decreasing the thickness of the Nernst diffusion film around the interface between two phases and thus enhances the analyte mass transfer rate from the donor to acceptor phase. The schematic diagram for the performance of USA-HFLPME is shown in Fig. 9F . They compared the results of this technique with the results of USA-SDME. The results showed that the performance of USA-HF-LPME was better than the UA-SDME for preconcentration of selenium in vegetable and fruit samples.
Coupling of SM mode with solvent bar microextraction (SBME)
Guo et al. have developed an ultrasound assisted solvent bar mcroextraction technique (USA-SBME) for the simultaneous trace analysis of benzene and toluene Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques in beverages [224] . In this method, a piece of hollow fiber was filled with extraction solvent. Then two ends of the hollow fiber segment were closed by mechanical pressure. The filled hollow fiber segment was then placed in the glass bottle. During microextraction, the extraction system was placed on the ultrasonic probe to enhance the analyte mass transfer rate. After extraction, the acceptor phase was collected with a micro-syringe and analyzed by GC-FID. The equipment used for the extraction procedure is illustrated in Fig. 9G . The optimum extraction time in this technique was obtained at 10 min. A comparison between electromagnetic stirring and ultrasound agitation has been done in this work which confirms noticeable effect of ultrasound in reducing of extraction time (Fig. 9H ).
Combination of AM mode with different microextraction techniques
The latter case of ultrasound mode is AM. AM is used in various type of microextraction techniques with different aims.
Coupling of AM mode with CPE
Cloud point extraction (CPE) consumes surfactants as extraction solvent but the use of the surfactants often brings some problems into the analysis of the analytes by many instruments such as GC and HPLC.
For the first time in 2005, Paleologos et al. developed CPE (by using both of ionic and non-ionic surfactants) coupled with microwave or ultrasonic assisted back extraction (MABE and UABE) prior to GC for determination of a mixture of six PAHs from water and soil samples [225] . Due to the high viscosity and low volatility of the surfactant rich phase, it cannot be injected directly into the GC. Therefore, after CPE extraction and before the injection, a supplemental stage was required in order to avoid clogging the injector and deteriorate the column. The UABE or MABE were carried out by adding a microliter amount of a water immiscible organic solvent into the resulting surfactant rich phase and sonicating or MW irriadating the system for a few minutes. After sonication or MW irradiation, two phases were formed: the surfactant rich and the water immiscible organic phase. In these conditions, the analytes remained in the water immiscible phase. The proper amount of the organic phase was injected into the GC-MS for analysis.
Fontana et al. used CPE-UABE to extract the target polybrominated diphenyl ethers (PBDEs) from water and soil samples [226] and organophosphates pesticides from honey samples [227] followed by GC-MS.
Generally, type and volume of organic solvent which use for back extraction; ultrasonic power and also sonication time are important parameters in success of back extraction process and should be optimized.
Coupling of different modes of US with solid phase microextraction (SPME) technique
Solid phase microextraction (SPME) is a solvent-free extraction technique, originally developed by Pawlyszin et al. [228] . The basic principles and technical aspects of this technique have been summarized by Vas et al. [229] . SPME consists of two steps including adsorption/ absorption of analyte on the fiber surface and analyte desorption. The analytes can be released from the surface of fiber thermally into the injection port of GC or by solvent elution into HPLC or CE instruments. Agitation method is one of the most important factors among different variables that can affect on SPME [229] . It affects the efficiencies of both adsorption and desorption steps during SPME procedure. An efficient agitation system not only can reduce the needed extraction time for analyte adsorption/absorption on the surface of fiber but also, reduce standard deviations. The required time to reach equilibrium is directly proportional to the thickness of the polymer coating whereas it has inverse relation with the diffusion coefficient of the analyte in the coating [5] . It should be noticed that these relations are true for well-agitated solutions. In the case of improper agitation systems, the needed time to reach equilibrium is essentially determined by the diffusion rate through the static aqueous layer adjacent to the fiber [5] . According to the literatures, the main aims for application of sonication in the SPME are improvement of extraction procedure in both direct and headspace formats of SPME as well as reduction the equilibrium and desorption times [5] . Therefore, all of the three mentioned modes of ultrasound application in microextraction techniques including BM, SM and AM are applicable in SPME technique. In 1993, the effect of three different agitation systems including magnetic stirring, intrusive mixing and sonication on SPME were studied by Pawliszyn et al. [230] . These studies showed that sonication is the best agitation system in comparison with two other options providing higher extraction efficiencies in shorter times. Against the fact that stirring is the most common agitation method it provided lower mixing efficiency. Good agitation was obtained by application of intrusive mixing, however this system causes to significant sample heating and therefore analyte losing during extraction. Also, different sonication powers were investigated in the range of 0 to 150 W. The results showed better S. Seidi, Y. Yamini applicability for low sonication powers. The mentioned phenomenon can be related to the drawbacks of high sonication powers including heating, high pitched noise and sample decomposition.
The effect of ultrasound to accelerate the extraction of chlorinated pesticides from water samples was investigated by Boussahel et al. [231] . In fact, an appropriate decision about the effect of ultrasound in this work is not possible because no study has been done in the absence of ultrasound. Therefore, the observed results could be attributed to heating effect or ultrasonic power [5] .
A new fast SPME procedure followed by gas chromatography mass spectrometry was developed by Rial-Otero et al. for determination of acaricides (amitraz, bromopropylate, coumaphos and fluvalinate) from honey [232] . A comparison was done between magnetic stirring and sonication using a new ultrasonic bath technology that could provide different sonication frequencies (35 and 130 kHz) as well as different working modes (Sweep, Standard and Degas). In the Standard mode, the ultrasonic frequency is regulated against the chemical resonance of the ultrasound transformer which optimizes the performance in the distributed maxima. The Sweep function causes a continued shifting of the sound pressure maxima, which ensures that the sound field distribution is more homogeneous in the bath than during Standard operation. During the Degas function, the set power is interrupted for a short period so that the air bubbles are not retained by the ultrasonic forces, and the liquid is degassing which optimizes the ultrasonic effect. In addition, the possibilities given by the three modes in which the ultrasonic bath can be used, Sweep, Standard and Degas, are fully exploited in this work for first time in analytical literature. The results showed that the use of low ultrasonic frequency, 35 kHz, provide worst results than the utilization of the high frequency, 130 kHz, especially in the case of amitraz. It was stated that amitraz was the most unstable compound in this study conditions. Therefore, it can be easily concluded that the cavitation effects produced by the ultrasonic bath at 35 kHz were enough to decompose amitraz in the acidic media. Thus, the recovery obtained for amitraz was significantly different, when the 130 kHz is compared with 35 kHz, both in the Standard operation mode and with 15 min of ultrasonic application. It must be pointed out that the cavitation effects are directly linked to the sonication frequency. The lower frequency creates the higher cavitation effects for the same amplitude [233] . It must be also stressed that, for the same extraction time, 15 min, the recoveries obtained at 130 kHz for bromopropylate and coumaphos were higher than using the 35 kHz frequency. Moreover, the Sweep mode was the best way to use the ultrasonic bath for those compounds. However, for fluvalinate, the best mode was the standard one, with which twice more was recovered than with the other modes. For this reason, the Standard mode was selected for further experiences, since in this mode, all the compounds showed good recoveries. Finally, the sonication time was studied also for 30 min, showing an increase of 100%, for all compounds except fluvalinate, for which the maximum recovery is achieved in 15 min. In addition, when extraction with sonication was compared with extraction with magnetic stirring, the recoveries obtained for sonication were higher and statistical differences were observed. For this reason, extraction with sonication for 30 min was selected as the optimum agitation condition for further experiments.
In the headspace SPME, agitation improves the extraction efficiency with decreasing depletion of analytes concentration in the headspace of sample solution. It has no effect on the diffusion rate of analytes to the fiber surface because this step is very fast [234] . Sonication is the most efficient agitation method evaluated to date for SPME applications because it can release the volatile physically trapped anlytes from the sample matrix into the headspace with breaking down the structure of matrix [235] . The effect of sonication time (0-60 min) on the headspace extraction of volatile compounds of Parmesan cheese was studied by Lee et al. [236] . Sonication showed significant improvement on increasing of peak areas of Parmesan cheese volatile components by 70% with passing time from 10 min up to 40 min in comparison with extraction in the absence of sonication. A noticeable decrease was observed after 40 min which can be attributed to the increase of water vapor pressure in the headspace of sample solution. The positive effect of sonication is due to breaking the sample matrix and releasing of physically trapped analytes. Forty minutes of sonication was chosen for the rest of work. Also, the simultaneous effect of sonication and salt (NaH 2 PO 4 ) on the total peak areas of the volatile components of cheese was studied. No significant difference was observed in comparison with samples which only contained salt. However, only salting with 25% NaH 2 PO 4 solution was recommended due to time efficiency effect.
The effects of magnetic stirring and sonication on the extraction of volatile compounds using HS-SPME from Kimchi (a traditional Korean fermented vegetable product) were investigated by the same authors [237] . The method sensitivity increased about 16% in comparison with only heating due to application of ultrasonic bath at 40ºC. However, magnetic stirring showed better results by 68% improvement in this study. Increasing of extraction temperature has bilateral effects on the extraction efficiency of HS-SPME. On the one hand, it provides the needed energy for analyte molecules to overcome the energy barriers that bind them to the matrix as well as enhancement of mass transfer and vapor pressure of the analytes whereas it decreases the analyte partition coefficients and subsequent extraction due to the exothermic nature of the adsorption [238] .
In 2004, Huang et al. designed a new headspace solid phase microextraction (HS-SPME) system to overcome this limitation. This system contains a cooling device on the upper part of the sample vial and a heating and ultrasonic activating device. This system was successfully applied for extraction and determination of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) in soil samples [238] . This sterategy increased the efficiency of extraction because the mass transfer is accelerated and a temperature gap is created between cold-fiber coating and the hot headspace, which significantly increase the distribution coefficients. The cooled SPME device is shown in Fig. 9I . The solid-phase microextraction method developed was shown to be a fast, efficient and economical technique for the rapid screening of PCDDs/ PCDFs in soil samples.
Biazon et al. studied extraction of volatiles of beer using SPME [239] . The application of ultrasound improved the extraction efficiency. After 30 min of application, most of the compounds exhibited an enhancement in the detected signal of at least 100%. The increase in percentage was proportional to the relative amount in the matrix. For instance, ethyl octanoate and ethyl decanoate, which were preponderant among the six target molecules, reached values of around 200% and 300% in enhancement after 30 min of ultrasound. The effect of salt addition and presence of silica based adsorbents were investigated. The results showed that the presence of sorbents to affect the analytes signals was more than the addition of NaCl or the use of ultrasound.
Ghiasvand et al. used ultrasound assisted headspace solid phase microextraction (UA-HS-SPME) coupled to GC-MS for analysis of volatile compounds in dry Tagetes minuta L. Comparison of the method with the commonly used hydrodistillation (HD) method showed that the proposed method is simpler, needs much less sample, requires shorter extraction time and lower temperature, has high trapping ability, and extracts more volatile and thermally sensitive compounds [240] .
As mentioned before, analyte desorption in the SPME can be done thermally into the injection port of GC or by solvent elution for further HPLC or CE analysis. In the case of desorption by solvent elution, selection of the appropriate solvent and desorption time are two important factors can noticeably affect extraction efficiency. Desorption yield can be improved by magnetic stirring or sonication. This effect was investigated by Battle et al. to accelerate desorption of aliphatic isocyanates derivatized from the fiber into a mixture of acetonitrile/water (85 : 15, v/v) using a 48 KHz ultrasonic bath [241] . Yang et al. [242] employed an ultrasonic bath during 30 min to desorb chlorophyll from a chitosan membrane, used as SPME membrane, into 5% NaOH. Also, Xu et al. applied a 60 Hz ultrasonic bath at 40ºC to desorb aldehydes from a novel SPME frit based on polymer monolith [243] . The analytes were desorbed into 60 µL acetonitrile during 5 min and analyzed by HPLC.
Coupling of AM mode with SBSE
Stir bar sorptive extraction (SBSE) was introduced as an extraction technique for enrichment of volatile and semivolatile organic compounds from aqueous and gaseous media by Baltussen et al. [244] . Similar to SPME, SBSE is not an exhaustive extraction technique. However, the extraction recoveries in SBSE are greater than SPME due to large volumes of sorbent phase (50-200 µL) which are used in this technique in comparison with SPME (0.5 µL) [5] . For a typical extraction, the stir bar which is covered with a layer of polymeric coating, exposure to sample solution for a given time. After that, the sorbent is removed and the analytes desorbed thermally and analyzed by GC or desorbed by means of a proper solvent. In the last case, analysis is done by HPLC or CE instruments. Desorption using organic solvent can use for improving selectivity or for interfacing to an LC system. Recently, the current states of SBSE including the most recent developments have been summarized by . Two main purposes have been mentioned for application of ultrasound in the SBSE including accelerating of analyte desorption from the stirrers as well as avoiding carryover problems.
As it can be seen, AM mode has an important role in SBSE. Also, some works have been reported about application of BM and SM modes in this extraction technique [200, 246] . Popp et al. applied a 35 KHz ultrasonic bath to accelerate desorption of PAHs from two different types of sorbents namely PDMS stir bars [247] and polysiloxane S. Seidi, Y. Yamini rods [248] . An optimum sonication time of 10 min was obtained for different levels of this factor in the range of 5 to 20 min. The obtained results by both PDMS stir bars and polysiloxane rods were comparable. However, the extraction procedure based on polysiloxane rods is not fully automated and need to longer extraction time in comparison with SBSE (3 h using silicon rods vs. 1 h using SBSE).
Sulistyorini et al. used sonication to desorb phenanthrene from the surface of PTFE stir bars into 3 mL of acetonitrile which was placed in a glass vial during 15 min [249] . Figure 9 . Different types of ultrasound assisted microextraction methods; (A) USAEME, (B) microphotographs of tetrachloroethylene droplets attained by vigorously stirring and sonication after 5 min, (C) comparison of ultrasound assisted DLLME and shake assisted DLLME, (D) schematic diagram of UA-HS-LPME apparatus, (E) UNE-HS-SDME system, (F) schematic diagram for the operation of UA-HF-LPME, (G) schematic illustration of the set-up for ultrasound assisted SBME, (H) comparison of extraction time of ultrasound assisted SBME and HF-LPME and (I) schematic diagram of extraction apparatus for SPME (reproduced with permission of Elsevier and Springer, Springer, 211, 212, 215, 218, 222, 224, 238] ). Analytical sonochemistry; developments, applications, and hyphenations of ultrasound in sample preparation and analytical techniques
The effect of vial type used for analyte desorption in SBSE applying ultrasound has been studied by Popp et al. [247] . No significant difference was observed. Moreover, it was found that sonication into an appropriate solvent can remove carryover problem from one sample to another in SBSE [247] . In this study, 1.0 mL solution of methylene chloride and methanol (1:1, v/v) and 5 min of sonication time were selected for desorption of PAHs from the surface of stir bars. To avoid carryover problem in SBSE, purification of stir bars should be realized before next sample pretreatment. Talebpour et al. used a sensitive and reproducible stir bar sorptive extraction and HPLC-UV detection method for the therapeutic drugs monitoring of chlorpromazine and trifluoperazine in human serum [246] . They investigated the effect of both magnetic stirring and sonication on desorption efficiency and the obtained results showed that sonication is more effective for desorption of analytes.
The present review covers almost all the publications related to the procedure from the beginning that summarized in Tables 5 and 6 .
Beyond analytical chemistry
There are close to 20 different methods for the fabrication of nanomaterials [3] however, power ultrasound provides one of the most exciting ways to synthesise pure and supported nanomaterials for research and industry. Jing et al. published an article about sonochemical synthesis of polyaniline nanofibers [297] . These fibers can be used for different purposes such as SPME in analytical chemistry. It is demonstrated that ultrasonic synthesis is a unique way in preparing polyaniline nanofibers and represents a facile and scalable one, which is of great importance in production and applications of the polyaniline nanofibers.
Proteomics has become one of the more interesting fields in science which study the complete set of proteins.
Proteomics is currently applied to the discovery of new protein biomarkers of disease, toxicity, drug efficiency and clinical diagnosis [298] . Although noticeable improvements have been achieved in the analytical instruments used in proteomics studies during the past decade, the sample treatments used in proteomics remain one of the main limiting factors because it is time consuming and multiple steps are needed in sample handling [299] . Sample handling for protein identification usually requires long times as 24-48 h in order to complete [5] . However, application of US reduced this tedious treatment time to 8 min as well as reduced the needed steps for sample handling. Therefore, US has a special place in proteomics.
Also, US has been used in organic and inorganic synthesis in many reported publications [5] . Also, US has become a tool in polymer sciences with various aims including as an initiator for polymer synthesis, to study polymer degradation mechanism and as a fast sample treatment method before characterization of polymer with MS-based techniques such as MALDI-TOF-MS [5] . Also, molecular imprinting polymer (MIP) is a method that used for creating selectivity in analytical chemistry. Ultrasonication could be used for preparation of MIP with different purposes including (1) to aid in the initiation, (2) to increase the solubility of template and S. Seidi, Y. Yamini the monomers and (3) to achieve efficient degassing through the polymerization. It is also expected to alter the binding sites population distribution as well as the morphology of the finished polymers [5] . Ultrasound has found many applications in pharmaceutical, medical and biomedical sciences. For example, transdermal drug delivery constitutes a key advance in painless delivery of drugs to be frequently given to patients [300, 301] . Sonophoresis has received special attention on account of its characteristics and has so far provided very promising results. Recently, the use of "reverse sonophoresis" has opened up new avenues for sampling with monitoring and (or) diagnostic purposes [302] . US also provides an effective tool for different purposes in industry [303] and food technology [8, 304, 305] .
Therefore, US energy is a constantly growing tool which has found a special place in different areas and as can be seen, some of the applications described are directly with those in analytical chemistry such as MIPs. Worthwhile information about some mentioned applications of US in this section has been written by different authors that they have been assembled in a book with the title of "Ultrasound in Chemistry" by Prof. Capelo-Martinez [5].
Limitations and future trends
Most applications of ultrasound assisted operations are discrete in nature as can be seen in the literature. Probably, the main reason for this fact is that the development of laboratory-made continuous systems for ultrasound assisted sample preparation requires more complex material and skilled designers than do batch systems. Thus, a propulsion device, usually a peristaltic pump, is mandatory for propelling the fluids through the dynamic system. In addition, switching and/or injection valves may be required for proper functioning of the system.
As mentioned before, in the case of liquid samples, emulsification is the main problem which exists in dynamic systems and should be avoided. So, US cannot always be a favored system for mass transferring between two immiscible phases.
In both discrete and continuous ultrasound assisted methods, selection of the type and characteristics of the US device need to high precision as it can be the key to successful development of these techniques.
As mentioned before, combination of ultrasound with other auxiliary techniques can result in noticeable and interesting improvements in extraction efficiencies and times. However, there are a few reports in this case and this subject that can be made to further development of US for the extraction of various compounds from different matrices.
To the best of our knowledge, there is no report about application of ultrasound in microextraction techniques in a continuous way and further research is still needed to complete the experiences in this area. Regarding the advantages of automatic systems and application of US in microextraction methods, using US in these techniques can show good performances especially for liquid phases that are based on emulsification. Finally, other efforts can be made to further develop the application of US in different aspects of sample preparation methods as well as the other fields of analytical chemistry.
Conclusions
At the time of writing there can be no doubt that the development of ultrasound makes an excellent tool in analytical chemistry. In order to give a general view of the potential of ultrasound, a brief description of the theoretical understanding of this method as well as the different steps which can be aided by this energy have been reviewed. These steps range from those widely used by the analytical community to those that scarcely known by analytical chemists. The major aim of this review focused on ultrasound assisted sample preparation techniques in both micro and macro-scale modes. The main advantage of US in the preparation of samples versus traditional extraction techniques is the reduction of the preparation time. In addition, other advantages such as the low reagent consumption under milder conditions of temperature and pressure, relative low cost of ultrasonic equipment and its simple use have also to be taken into account. Although, up to now the most applications of US in sample preparation have been focused on macro-scale mode, recently, it has found noticeable interests for micro-scale mode due to many advantages which resulted from application of this energy in different microextraction techniques. Also, different instrumentation modes (discrete and dynamic) of US for sample preparation as well as the possibility of coupling ultrasound with other analytical techniques discussed. An overview of more recent applications of ultrasound in different environmental and biological samples such as food, soil and water were presented.
At the end, it attempted to show that there are links that can be made across many of the ultrasound ''disciplines'' and that these links can serve to strengthen research in the general area of ultrasound. Regarding the mentioned points, US can find an important place in different areas of sciences including analytical chemistry in the future. 
